Abstract. Immunodominant proteins in the range of 42-45 kD are important for the serodiagnosis of human granulocytic ehrlichiosis (HGE). Antigens from human isolates of the etiologic agent of HGE cultivated in HL-60 cells were used to immunize BALB/c mice and generate a panel of hybridomas secreting monoclonal antibodies. Using an enzyme immunoassay, an immunofluorescent assay (IFA), and Western blotting, we showed that culture supernatants and ascites of these hybridomas were reactive with human isolates of the etiologic agent of HGE, Ehrlichia equi and E. phagocytophila. Following screening and subcloning, we selected three stable hybridomas, R1B10, R5E4, and R5A9, which were determined to be of the isotypes IgG 3 , IgG 1 , and IgG 2a , respectively. These results suggest that the epitopes of the 42-45-kD protein recognized by these three monoclonal antibodies are conserved among E. equi, E. phagocytophila, and the etiologic agent of HGE. Western blot analysis showed reactivity with the 44-kD protein of human isolates of the HGE agent. None of the monoclonal antibodies were reactive with HL-60 cells that were not infected with the HGE agent. No cross-reactivity with related intracellular pathogens could be detected when undiluted supernatants from hybridoma cultures were allowed to react by IFA with antigens from E. chaffeensis, E. risticii, E. platys, Rickettsia rickettsii, R. prowazekii, or Coxiella burnetii. The additivity index of two antibodies, R5E4 and R1B10 was near zero, suggesting that these two antibodies may compete for the same epitope of the 44-kD protein, while monoclonal antibody R5A9 appears to interact with a different epitope. The antibodies secreted by these hybridomas may be useful as immunologic agents in serodiagnostic, immunohistochemical, and other studies of the etiologic agent of HGE.
Human ehrlichioses are tick-borne illnesses of world-wide importance. Human granulocytic ehrlichiosis (HGE) is an emerging infection caused by a pathogen that is closely related or identical to Ehrlichia equi and E. phagocytophila. 1-,4 This disease is an acute febrile granulocytotrophic infection of humans that ranges clinically from mild to potentially fatal. 2, 5 The organism responsible for HGE is thought to be transmitted by ticks of the Ixodes ricinus complex in North America 6, 7 and Europe. 8 Recent analyses of sera from patients with HGE have revealed the importance of immunogenic proteins from the agent of HGE that have apparent molecular weights of 42-45-kD. These antigens are useful for the serodiagnosis of infection by the agent of HGE. 4, [9] [10] [11] [12] [13] [14] A gene for a 44-kD form of this antigen has been cloned and sequenced. 10, 13 While immunodominant, these proteins appear to be polymorphic with reported molecular weights ranging from 44 to 45 kD among various isolates of the HGE agent. 10, 13 A potential disadvantage in the use of the Western immunoblot as a diagnostic tool is the difficulty of identifying specific immunoreactive proteins. This problem is due to variation in results between laboratories that reflect the origin and processing of strains used for antigen as well as the methods used to separate polypeptides. The use of monoclonal antibodies (MAbs) for calibration of antigens has been shown to aid in the interpretation of Western immunoblots by allowing for identification of specific proteins regardless of variation in migration. [15] [16] [17] Monoclonal antibodies may also be useful as immunochemical reagents for pathogen identification, immunodiagnostic assays, histochemistry, and in the characterization of the structure and function of antigens at the molecular level. For this reason, we generated a panel of murine hybridomas secreting MAbs reactive with the 42-45-kD antigen complex of the agent of HGE. We report the development and characterization of MAbs secreted by these hybridomas.
MATERIALS AND METHODS
Antigen preparation. HGE-2, a human isolate of the etiologic agent of HGE, was cultivated in the human promyelocytic cell line HL-60 (CCL 240). 18 The HL-60 cells were grown in RPMI 1640 medium (Gibco, Grand Island NY) containing 20 mM sodium bicarbonate and 10% fetal calf serum (Gibco) at 37ЊC with 5% CO 2 . These cells in 125-cm 2 flasks were infected when they reached a density of approximately 5 ϫ 10 5 /ml by the addition of a 1:100 ratio of HL-60 cells that were previously infected with ehrlichiae to a level of 90% or greater. Cells were then examined by cytospin preparation every 24 hr. The HL-60 cells were visualized by fixing cytospin-prepared slides in 1:1 methanol and acetone at room temperature for 10 min. The slides were then stained with 0.02 % Giemsa (Sigma, St. Louis, MO) for 15 min and examined by microscopy for intracellular organisms under oil immersion at 630ϫ. Ehrlichiae were harvested when greater than 95% of the HL-60 cells had visible morulae. Cultures were centrifuged in 100-ml volumes at 10,000 ϫ g for 20 min at 4ЊC. The supernatant was discarded and the pellet was resuspended in 5 ml of ice-cold, sterile 10 mM phosphate buffered saline (PBS, pH 7.4). Resuspended infected HL-60 cells were sonicated on ice using a Fisher Model 550 Sonic Dismembrator (Fisher Scientific, Itasca, IL) set at a rate of three amperes by applying three 10-sec pulses interspersed with 30-sec rests. The resulting material was then centrifuged at 500 ϫ g for 10 min at 4ЊC to remove cellular debris. The supernatant was collected and the bacteria were harvested by centrifugation at 10,000 ϫ g for 20 min at 4ЊC. Ehrlichiae were purified by passage over a Sephacryl S-1000 column (Pharmacia, Uppsala, Sweden) with a bed volume of 5 ml. 14 Bacteria were eluted with 2ϫ PBS, and the flow-through volume was examined by spectrophotometry at 280 nm. Fractions were then combined and bacteria were collected by centrifugation at 10,000 ϫ g for 20 min at 4ЊC. The resulting pellet was resuspended in 100 l of PBS per 100-ml volume of the original culture and protein concentration was determined using a modified biuret assay using bicinchoninic acid (Pierce, Rockford, IL). Antigen was aliquoted at a concentration of 1 mg/ml and frozen at Ϫ70ЊC until needed.
Ehrlichia chaffeensis strain TIED (ATCC CAL-10679; American Type culture Collection, Rockville, MD) was a generous gift of Louis Cullman (MRL, Los Angeles, CA). Ehrlichiae were grown in the canine monocytic cell line DH82 (ATCC CAL 10389) and cells were processed exactly as for the HGE.
Immunizations. Female BALB/c mice from 5 to 8 weeks of age were obtained from Harlan Sprague Dawley (Indianapolis, IN). Immunizations were carried out by administering at day 0 a 200-l volume intraperitoneally that contained 100 g of antigen in RIBI adjuvant (monophosphoryl lipid A and trehalose dicorynomycolate; Ribi Immunochem Research, Hamilton, MT). Mice then received an identical immunization on day 21. At day 26, mice were bled and antibody was measured by immunofluorescence assay. 11 Immunizations were continued every 26 days until the antibody titer reached at least 1:256. Three days before the spleens were collected, the mice were given an intraperitoneal immunization of 100 g of antigen suspended in PBS (pH 7.4).
Hybridoma production. Cells of the myeloma line P3X63Ag.653 were fused with mouse splenic B cells in polyethlene glycol following standard protocols. Following selection with aminopterin, hybridomas were screened by an enzyme immunoassay (EIA) 11 using goat anti-mouse polyvalent antibody conjugated with peroxidase (Kirkegaard and Perry Laboratories, Gaithersberg, MD). Hybridomas producing reactive antibody were expanded and subcloned by limiting dilution on feeder cells of splenocytes from normal BALB/c mice. For ascites fluid production, BALB/c mice were primed with an intraperitoneal injection of 200 mg of pristane (Sigma, St Louis, MO). Seven to ten days later, 5 ϫ 10 6 washed hybridoma cells were injected into the peritoneum. When ascites was evident, mice were killed and ascitic fluid was collected. Ascites production was approved and supervised by the University of Minnesota Institutional Animal Care Use Committee.
Characterization of monoclonal antibodies. Heavy and light chains of the MAbs were identified using colloidal gold-conjugated rabbit anti-mouse antibodies (Isodetect; Strategene, La Jolla, CA) following the directions of the manufacturer and an EIA capable of detecting antibodies specific to the subtypes of murine IgG. Epitope recognition was determined using the method of Friguet and others. 19 Briefly, the concentration of hybridoma culture supernatant necessary to allow antibody saturation of 250 ng of protein was determined by EIA. To ascertain whether the MAbs recognize different epitopes on the 42-45-kD protein, the antibodies were added to each well at saturating concentrations, either alone or in combination. Competition for each antibody was determined by calculating the additivity index (AI) using the formula AI ϭ {[2(A 1 ϩ 2 )/(A 1 ϩ A 2 )] Ϫ 1} ϫ 100, where A 1 and A 2 represent the absorbance values for each of two MAbs tested and A 1 ϩ 2 represents the absorbance value when the two were combined.
Immunofluorescent assay (IFA). Details of the IFA have been described previously. 11 Hybridoma supernatants or ascites were diluted in PBS (pH 7.4) and a 5-l volume was applied to each well of the slides. Slides were incubated for 30 min at 37ЊC, rinsed twice in PBS (pH 7.4), and submerged in PBS for 5 min. After air-drying, affinity-purified, fluorescein isothiocyanate-conjugated goat anti-mouse-specific IgM or heavy and light chain IgG (Kirkegaard and Perry Laboratories) were diluted to 1:200 and applied to wells in a volume of 5 l. Slides were incubated again at 37ЊC for 30 min, rinsed twice in PBS (pH 7.4), and immersed for 5 min in PBS containing 0.005% Evans Blue (Sigma). Following a brief rinse with distilled water to remove excess stain, slides were overlayed with mounting medium consisting of 10% PBS-buffered glycerol (pH 7.2) containing 0.1% (w/v) diazibicylooctane (Sigma). Controls were included for each slide and consisted of positive convalescent sera from culture confirmed patients or immunized animals and negative sera from healthy donors with no clinical history of ehrlichial or rickettsial infection. Prepared antigens for E. risticii, E. platys, Rickettsia rickettsii, R. prowazekii, and Coxiella burnettii slides were obtained from Fuller Laboratories (Fullerton, CA). Titers were determined as the endpoint at which fluorescence of Ehrlichia in the cytoplasm of HL-60 cells was no longer distinct. The IFA titer of MAbs with E. phagocytophila was determined by Dr. Keith Sumption (University of Edinburgh, Edinburgh, Scotland). This assay used ovine neutrophils infected with E. phagocytophila and sera from sheep infected with E. phagocytophila used as positive controls.
Enzyme immunoassay. The EIA was a solid phase noncompetitive assay similar to that used for detection of human antibodies to the agent of HGE. 11 Ninety-six well, flat-bottom polystyrene plates (Nunc, Roskilde, Denmark) were coated passively by the application of 50 l/well of antigen diluted just before use to a concentration of 10 g/ml in Dulbecco's PBS (DPBS, pH 7.4). Plates were then incubated uncovered at 37ЊC overnight. The next day, plates were blocked with 2% normal donor horse serum (Sigma) and 0.5% normal goat serum (Sigma) in DPBS by addition of 160 l to each well. Blocking was carried out at 37ЊC for 1.5 hr. Test sera were reacted in a diluent identical to the blocking buffer with the addition of 0.1% dextran sulfate (Sigma). After blocking, plates were washed three times in DPBS containing 0.5% Tween-20 (Sigma). Test sera were applied in triplicate to wells in a volume of 60 l and incubated at 37ЊC for 1 hr. Plates were then washed four times in wash buffer. Affinity-purified goat anti-mouse-specific IgM, anti-heavy and light chain IgG, or anti-polyvalent immunoglobulin conjugated with horseradish peroxidase (Kirkegaard and Perry Laboratories) were diluted 1:500 in the same diluent used for mouse antibodies and 60 l was added to the wells. Plates were incubated for 1 hr at 37ЊC and washed four times in wash buffer. Sixty microliters of 1 mM 2,2-azino-di-3-ethyl-benzthiazoline sulfonate substrate (Kirkegaard and Perry Laboratories) were added to each well. After 20 min at 37ЊC, absorbances were determined at 405 nm.
Immunoblotting. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) using the buffer system of Laemmli 20 was carried out as described previously. 16 Proteins were separated using precast polyacrylamide gels (Bio-Rad, Hercules, CA) with a linear gradient concentration of 7.5-15% or by using 12% nongradient gels. Samples were diluted appropriately and incubated for 10 min in sample buffer (63 mM Tris, 2% SDS, 15 mM dithiothreitol, 27% [w/v] sucrose, and 0.002% bromphenol blue) at 95ЊC. One hundred fifty micrograms of protein were applied to the trough in the stacking gel and polypeptides were separated at 20mA constant current per gel for approximately 45 min. Proteins were then transferred from the gel to polyvinylidene difluoride (Millipore, Bedford, MA) at rate of 600 mA for 30 min using methods described. 16 The blot was then blocked in Tris-buffered saline (TBS; 20 mM Tris, 500 mM NaCl; [pH 7.5]) containing 0.5% nonfat dry milk (NFDM) for 1 hr. Following blocking, membranes were washed for 45 min in TBS containing 1.0% Tween-20 (TTBS) and airdried for storage at ambient temperature. At the time of the assay, membranes were wet in TTBS and cut into 3-4-mm strips. Hybridoma supernatants or ascites were diluted in TBS with 0.5% NFDM. Following incubation of the membranes in antibody for 1 hr, strips were washed twice for 5 min in TTBS. Affinity-purified goat anti-mouse IgM-or IgG-specific conjugate with alkaline phosphatase (Kirkegaard and Perry Laboratories) were diluted according to optimal conditions in TBS with 0.5% NFDM and applied to strips. Following incubation for 1 hr, the strips were washed twice for 5 min with TTBS, twice for 5 min with TBS, and equilibrated for 5 min in 100 mM 3-cycloheylamino-2-hydroxy-1-propanesulfonic acid, 100 mM NaCl containing 5 mM Mg (CBS; pH 9.5). Developing solution contained 0.4 mM nitro blue tetrazolium (Sigma), 0.4 mM 5-bromo-4-chloro-3-indolylphosphate (Sigma) and was prepared in CBS buffer at pH 9.5. Developing time was 15-20 min based upon the intensity of strips of each immunoblot that were processed with positive control immune mouse sera.
RESULTS
Screening of hybridoma supernatants by EIA resulted in the identification of 69 cultures containing antibody reactive with the HGE agent. Following culture expansion and cloning, four clones were selected for secretion of antibody reactive with the 42-45-kD proteins but only three clones proved to be stable. These clones were designated R1B10, R5E4, and R5A9.
The isotype of the MAb secreted by each hybridoma subclone was determined. The results of both methods used showed that antibody R1B10 was IgG 3, R5E4 was IgG 1 , and R5A9 was IgG 2a .
To determine the specific antigens with which these MAbs reacted, supernatants from the three subcloned hybridomas were used to probe immunoblots of proteins from the etiologic agent of HGE (Figure 1) . Proteins from the two human isolates of the HGE agent, HGE-1 and HGE-2, 18 reacted similarly when probed with the three MAbs. The predominant antigen identified when proteins of the HGE agent were probed with the three MAbs were in the 44-kD range. Under identical experimental conditions, MAbs did not react with immunoblots of proteins from uninfected HL-60 cells used to cultivate the agent of HGE (Figure 1 ), while polyclonal antibody generated against HL-60 cells confirmed the reactivity of antigens present on the blot. The results of immunoblotting confirmed the ability of the MAbs to react spe- cifically with the 42-45-kD antigen of the HGE agent that had been denatured with SDS.
When human isolate HGE-1 was used as antigen, all three MAbs showed significant reactivity with the 42-45-kD antigen plus an additional band that migrated at approximately 90 kD (Figure 1 ). When the source of the antigen probed was human isolate HGE-2, an additional faint band was visualized that was smaller than the 44-kD band. The band reactive with MAbs R1B10 and R5E4 migrated at approximately 12 kD and the band reactive with MAb R5A9 migrated at approximately 24 kD. It is also possible that these additional bands represent precursor or degradation products. It has been shown that multiple regions of DNA from the HGE agent contain sequences homologous to the gene for the 44-kD protein. 10, 13 Additional bands seen in immunoblots using the three MAbs may represent other forms of the protein that contain the same epitopes. 18 Further studies will be necessary to establish the identity of the bands detected in these immunoblots.
To further characterize these antibodies, the reactivity of supernatants from subcloned hybridomas was examined by IFA. The antibodies demonstrated highly specific fluorescence for intracellular and extracellular bacterial cells of HGE-2. Individual ehrlichial cells were readily visualized and little background fluorescence was observed. Antibody reactivity with the HGE agent was quantified by IFA titer and EIA. The IFA titers of the three MAbs against the two human strains of the agent of HGE are shown in Table 1 . The EIA reactivity for antibodies appeared to be saturable when they were reacted with a limiting quantity of antigen (Figure 2) .
Hybridoma supernatants reacted with antigens of E. equi and E. phagocytophila at significant but lower IFA titers than those achieved using antigen from the HGE agent (Table 1) . The difference in titers that was observed may reflect the fact that antigen slides of E. phagocytophila and E. equi were prepared from peripheral blood of infected animals and may differ quantitatively in reactivity. Fluorescence was highly specific for intracellular bacteria. Microscopically, the appearance of the bacterial fluorescence for these two antigens was indistinguishable from that achieved using the HL-60 cells infected with the etiologic agent of HGE. Hyperimmune sera against the HGE agent from BALB/c mice reacted with the HGE agent, E. equi, and E. phagocytophila at dilutions ranging from 1:512 to 1:2,048, while nonimmune sera from BALB/c mice did not react at dilution of 1: 32 (Table 1) . Reactivity of the hybridoma supernatants with E. equi, E. phagocytophila, and the agent of HGE suggests that the epitopes recognized by each of these antibodies are conserved among these organisms. This observation is consistent with the close phylogenetic relationship of these organisms as revealed by 16s rRNA gene sequences 3 and the reactivity of polyclonal antibody. 4 These results are consistent with the assertion that these three organisms are closely related or a single species.
To ascertain the specificity of MAbs to the HGE agent, IFA titers of hybridoma supernatants were compared by IFA using a variety of rickettsial organisms. The MAbs were reactive only with isolates of the HGE agent from humans and the closely related organisms E. equi and E. phagocytophila. The epitopes recognized by these antibodies appeared to be conserved among the isolates examined.
When hybridoma supernatants were applied undiluted to antigens prepared from E. risticii, E. platys, R. rickettsii, R. prowazekii, and C. burnetti, no fluorescence was observed. Mouse hyperimmune sera cross-reacted with these antigens only at low levels (1:32) and normal mouse sera was nonreactive with these organisms at a dilution of 1:32 (Table 1) .
Infections with the human monocytotrophic and granulocytotrophic ehrlichiae are nearly indistinguishable on the basis of clinical signs. The causative agents of human monocytic ehrlichiosis and human granulocytic ehrlichiosis, E. chaffeensis and the agent of HGE, respectively, have both been shown to possess an immunogenic protein of approximately 42-45-kD. 4, [9] [10] [11] [12] [13] [14] Polyclonal antibodies to the 42-45-kD proteins of the etiologic agent of HGE are not believed to cross-react with those of E. chaffeensis. 10, 12 The IFA showed that the MAbs described in this study do not recognize epitopes present on E. chaffeensis and, for the strains examined, are capable of differentiating between these two pathogens when this assay is used (Table 1) .
To compare the epitopes of the HGE agent that were recognized by each of these MAbs, we performed additivity assays. 19 This test determines the specificity of the antibodies by estimating the number of epitopes on an antigen available to a pair of MAbs. The additivity of the MAbs was assessed by adding hybridoma supernatant to each well in a volume Results can then be defined by the AI as defined in Materials and Methods. The AI of two antibodies binding to different sites will be a factor approaching 100, while two antibodies that compete for the same site will result in an AI approaching zero.
The results of a representative experiment to determine additivity are shown in Table 2 . As a control, it was determined that normal mouse sera or MAb R4A12, which binds to an antigen of approximately 80 kD of HGE-2, did not compete with the binding of MAbs R5A9, R5E4, or R1B10 in this assay. The AI resulting from the combination of antibodies R5E4 and R1B10 was 5.8, suggesting that these antibodies react with the same epitopes while the remaining antibodies were non-additive in this assay. The AI resulting from the combination of R5A9 and R5E4 or R5B10 antibodies were 65.2 and 44.1, respectively. Ehrlich and others 21 have shown that in some cases, antigens demonstrate allosteric behavior and oscillate between two separate conformations. Thus, binding of one antibody may diminish the binding of the second antibody to a separate domain. If two antibodies bind specifically separate conformations, it may appear that they are competing for the same epitope while they are in fact binding separate domains of the antigen. The observation that both R5E4 and R1B10 bind immunoblots prepared with denatured antigen suggests the antigens may be linear and, therefore, not likely to be allosteric. The similarity of the EIA reactivity for antibodies R5E4 and R1B10 is consistent with the premise that they may bind the same epitope (Figure 2 ).
DISCUSSION
The 42-45-kD complex of human and animal isolates of the agent of HGE appears to have significant value in the serodiagnosis of human infection with the etiologic agent of HGE. 4, [9] [10] [11] [12] [13] [14] Previous studies of the 42-45-kD antigens of the HGE agent isolated from humans and animals have shown that polymorphism of this antigen may occur. 9 Accordingly, the use of different strains of the HGE agent for immunoblot diagnosis by clinical and research laboratories may result in heterogeneous immunoblot reactivity. Monoclonal antibodies such as those described in this study may be used for the calibration of the 42-45-kD proteins on immunoblot membranes and permit comparison of results between laboratories.
The ability of the MAbs described in this study to distinguish the strains of the HGE agent from the strain of E. chaffeensis tested suggests that they may assist in the laboratory diagnosis of ehrlichiosis. The presence of morulae in thick blood smears, especially from areas where both pathogens exist, can result from infection with either (or both) pathogens. It may be possible to use MAbs to discriminate between morulae of these organisms. Monoclonal antibodies may also have other applications such as serologic assays, immunohistochemistry, chromatography, identification and differentiation of infection in arthropod vectors, antigen detection, and other uses.
